A simplified model for micro milling process is presented, as well as results on temperature on tool and work piece. The purpose is to investigate on finite element modelling of two flute micro end milling process of titanium alloy, Ti6Al4V with prediction of temperature distribution. ABAQUS/Explicit has been chosen as solver for the analysis. A thermo-mechanical analysis was performed. First model was created by selecting medium carbon steel, AISI1045, as workpiece material for model validation purpose. Second model was created by modifying the workpiece material from AISI1045 to Ti6Al4V. The model consists of two parts which are tungsten carbide micro tool and workpiece. Johnson-Cook law model has been applied as material constitutive properties for both materials due to its severe plastic deformation occur during machining. Prediction on forces was obtained during the analysis. Model validation was done by comparing results published by . The results showed a good agreement in cutting force. Once this was proved, the same model was then modified to simulate finite element analysis in micro milling of Ti6Al4V. Prediction of temperature distribution of micro end mill of Ti6Al4V was done in relation of different undeformed chip thickness. The findings showed that temperature increases as undeformed chip thickness increases. Temperature distribution of Ti6Al4V and AISI1045 under same machining conditions was compared. Results showed that the highest temperature was concentrated at tool edge for Ti6Al4V.
Introduction
Miniaturized products have micro (µm) sizes and have significant advantages compared to conventional machining in term of performance and design features. Micro components are used in medical fields, aerospace industry, consumer electronics and many fields [1] . demand has risen to develop technologies for processing difficult-to-machine alloys, such as titanium alloy, with good precision.
According to Yang and Liu [2] even though titanium alloy is difficult to machine due to its low thermal conductivity and high chemical reactivity properties, manufacturers still opt for it for its superior properties. It has high strength to weight ratio, high resistance to fatigue, and light compared to steel. Titanium alloy is used as the material to produce steam turbine blades, compressor blades as well as implant materials.
In order to produce accurate and complex products, micromachining especially micro milling process has been used. According to Özel and Thepsonthi [1] , micro milling process is a scaleddown version of tool based traditional material removal process. Unlike conventional milling process, micro milling process has its own problems such as size effect, minimum chip thickness, severe burr formation, rapid tool wear and poor surface quality [3] .
The main concern of this thesis is to study the cutting forces and temperature distribution pattern on micro tool and work piece which will help to enhance the tool life. Since it is hard to measure the temperature in situ, the real temperature on the surface of cutting tools during operation, thus simulation using Finite Element Analysis (FEA) is one of the best ways to calculate the approximate results. Conducting experiment to collect data is time consuming and costly too, not to mention that CNC micro milling machine is rather difficult to control and needed state of the art of machine.
A simplified model of micro milling will be simulated using FEA-ABAQUS. The simulation result is compare with Woon's model. Then, the model is modified by changing material to Ti6Al4V for temperature prediction. Temperature distributions of Ti6Al4V at different undeformed chip thickness and velocity are studied. Lastly, under the same machining condition, temperature distribution of Ti6Al4V and AISI1045 are compared.
Workpiece Material Constitutive Equations
Hooke's Law describe the elastic properties of materials. However, dealing with plasticity aspect, it is important to know constitutive equations contains yield criterion, flow rule and strain hardening rule. Since it is known that workpiece material is Ti6Al4V, thus constitutive equations must considers large strains, high strain rates and temperature dependent visco-plasticity [4] . Johnson-Cook model is one of the models pertinent to temperature-dependent flow softening in Ti6Al4V.
The Johnson-Cook material model is widely used in analysis of material flow stress. It describes flow stress behavior of work materials as multiplicative effects of strain, strain rate and temperature [5] . The experimental flow stress data are obtained through Split Hopkinson pressure bar (SHPB) tests under various strain rates and temperatures. Experimental data are used in material constitutive model. The model is expressed in Eq. 1.
where σ is the flow stress, ̅ is the plastic strain, is the strain rate in s -1 , is the reference plastic strain rate in s -1 , T is the workpiece temperature in °C, Tmelt is the melting temperature in °C, To is room temperature in in °C, A is yield strength in MPa, B is the hardening modulus in MPa, C is the strain rate sensitivity coefficient, n is the hardening coefficient and m is the thermal softening coefficient [6] .
Tool-chip Interaction
According to Alcaraz et al. [7] , there are two interactions between tool and workpiece, which are Interaction between tool rake face and chip and Interaction between tool clearance face and the machined surface. The Zorev's temperature independent stick-slide behaviour with the modified Coulomb's friction model [8] was adopted to define friction properties at tool-chip interface. Sliding happens when the shear contact stress, τ f is less than the material shear flow stress, k f where as sticking occurs as τ f exceeds k f [9] . This friction phenomenon can be represented by Eq. 2 and 3. The simulation has taken dry machining condition, which means the friction coefficient, µ was set at 0.45. Maximum material shear flow stress can be determined using Eq. 4.
where is σ n contact pressure, τ f is shear contact stress at tool-chip interface, k f is material shear flow stress and σ y is yield stress.
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Methodology ABAQUS/Explicit has been selected to perform dynamic temperature analysis. A 2D orthogonal cutting model is created. Linear quadrilateral continuum plane strain element CPE4RT with reduced integration was used for a couple temperature-displacement analysis.
First model was created by taking similar parameter as model published in [10] . A medium carbon steel (AISI1045) workpiece is machined at cutting speed of 100m/min by micro cutting tool under various undeformed chip thickness. The cutting tool edge radius is set as 10µm. The purpose of the first model is for model validation by comparing to Woon's model. Once the model is validated, the first model is modified to simulate micro milling process of titanium alloy, Ti6Al4V. In second case, the tool with edge radius set as 5µm is moving at the speed of 47.2 m/min to cut the Ti6Al4V workpiece. Properties of the cutting condition of AISI1045 and Ti6Al4V are shown in Table 1 Cutting tool is modelled as deformable and it has normal rake angle, γ of 10° and clearance angle, ∝ of 6°. The workpiece is modeled as a rectangular with length of 160µm and thickness of 50µm as shown in Fig. 1 . For boundary conditions, the workpiece was fed horizontally into fixed cutting tool at cutting speed, V. Cutting tool is fixed at position X and Y direction. Workpiece is given a velocity, V to move in negative-X direction. The bottom of workpiece is fixed at Y position. Initial temperature for both workpiece and cutting tool is 25°C. Material of workpiece is titanium alloy, Ti6Al4V whereas for micro tool is tungsten carbide, WC. Mechanical and thermal properties are required for both workpiece and cutting tool. Table 3 shows both workpiece and tool physical parameters. Table 4 shows Johnson-Cook material model for each material to define plastic behaviour.
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Model Validation
First model was created for model validation purpose by predicting on machining force. The model has adopted cutting conditions similar to Woon's model [11] . Tungsten carbide, WC cutting tool with edge radius of 10 µm is moving at cutting speed of 100m/min to machine AISI1045 workpiece at different undeformed chip thickness. The result of the different machining forces is shown in Table 5 . For Fig. 2 , simulated cutting force are higher than reference model by 2-3N at a/r = 0.2-1.2. F t is increased linearly with a, but for simulated model the values at 1.8 is smaller than 1.2. At 1.8, the undeformed chip thickness is too large, thus it leads to big difference from the reference model.
The distribution of machining forces for a/r between 0.2-2.0 and they are being divided into four stages. In Stages I (a/r < 0.2), material removal is not so effective as the thrust force is higher than the cutting force [12] . It has large effective negative rake angle, -γ eff and localized Primary Shear Deformation Zone (PSDZ).
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According to Woon and Liu [12] , the most effective material removal takes place at Stage II (0.2≤ a/r< 0.8) as the cutting force is more dominant compared to thrust force. Stage II is where the transition of effective rake angle from negative to positive as a/r increases. The formation of Secondary Shear Deformation Zone (SSDZ) and chip become obvious with increase of effective positive rake angle, +γ eff .
Figure 2. Comparisons of cutting force, Fc and Ft/Fc between two models

Relationship between undeformed chip thickness and temperature
According to Sima and Ozel [13] , undeformed chip thickness increases proportionally with temperature. Simulations were done by altering the undeformed chip thickness of workpiece for Ti6Al4V. Tool was moving at velocity of 47.2 m/min to perform micro milling at different a/r. Chip cannot be formed even though micro tool moves on the surface. This is because workpiece experiences elastic recovery after micro tool passed by. Thus, there is no chip formed.
Temperature distribution of material is mainly affected by thermal conductivity of materials in conventional milling process. However, the size effect issue is dominant while tool size is reduced to micron scale as observed in findings. As a/r increases, temperature for workpiece and tool increases especially at tool-chip interface. This zone is known as SSDZ. The increase of temperature can be attributed to the fact that friction as well as shearing at chip-tool interface has increased as undeformed chip thickness becomes larger. Thus, more heat is generated as undeformed chip thickness increases.
Comparative temperature distribution prediction on machining Ti6Al4V and AISI1045
Two models using AISI1045 and Ti6Al4V were created by using the same parameters except for material properties. Both models are running at 47.2m/min speed with cutting tool edge radius of 5 µm at a/r = 1.0. Fig. 4 present the temperature contour that had been developed during machining of AI1045 and Ti6Al4V, respectively. It is observed that heat generated at PDSZ, SSDZ and TSDZ as mentioned before. PDSZ is due to severe plastic deformation. Heat generated at the SSDZ and at tool-chip interface due to friction and shearing is conducted to cutting tool, thus the temperature is higher at that area. While machining Ti6Al4V the maximum temperature attained by cutting tool is as high as 506 o C as compared to that of AISI1045 with maximum value not exceeding 300 o C. High cutting temperatures are attained when machining titanium alloys especially around the cutting edge of the tool and this is leading to rapid tool wear. The reason titanium alloys are harder to machine is due to its inherent properties. Usually heat is carried away by fast flowing cheap. Due to Ti6Al4V's low thermal conductivity, heat generated during machining cannot be dissipated to flowing chips. Thus, large proportion of heat is conducted to cutting tool. Medium carbon steels have thermal conductivity of 47.7Wm -1o C -1 , which is around seven times more than titanium alloys (6.6 Wm -1o C -1 ). Thus heat dissipation in workpiece AISI1045 is faster compared to Ti6Al4V. High temperature is the main factor of causing tool wear rapidly. By comparing the temperature distribution of two different workpiece materials, it can be seen that the distribution pattern varied. For Ti6Al4V case, heat is concentrated at tool edge unlike AISI1045 model where the heat distributed to include the rake face of the tool as in Fig. 5 . The comparative study of temperature prediction of cutting tool is important in optimisation of cutting tool. Knowing that cutting tool is in micro size, thus it is likely to face tool wear and breakage compare to the conventional tool. To improve the machinability of titanium alloys, tool materials should include properties like good thermal conductivity to minimize thermal shock. According to Ezugwu and Wang [14] , tungsten carbide cutting tools, material for cutting tool selected in analysis, have superiority properties in machining titanium alloys. From the findings, it shows that high temperature at cutting edge of the tool is one of the problems in machining Ti6Al4V.
Conclusion
In this study, the set out objectives are achieved. Model in machining AISI1045 was validated by comparing with Woon's model. Since tool edge radius is in micro scale, thus size effect phenomenon takes place. Thus, selecting the suitable undeformed chip thickness is an important parameter to be considered. Prediction on relationship between undeformed chip thickness and temperature distribution for micro milling of Ti6Al4V had been proved. The simulation results revealed that higher temperature was attained at thicker undeformed chip thickness. Apart from that, the results showed that higher cutting speed in micro milling of Ti6Al4V contributed to higher cutting temperature.
The validated model was modified to study on micro milling process of Ti6Al4V. FE simulations were utilized in predicting temperature distribution of Ti6Al4V by comparing with AISI1045. It is found one of the major problems while machining Ti6Al4V is that temperature distribution concentrated at cutting tool edge. This high temperature in concentrated area can cause rapid tool wear.
In general, it can be concluded that FEM proves to be an effective tool in analyzing various aspects of micro milling process. Outputs like cutting forces, temperatures distributions, stresses and many others can help in understanding mechanism of micro milling greatly. However, users of ABAQUS software must be careful in giving the correct inputs. Accuracy of simulation results depends greatly on parameters input. FE simulations can be used in optimization of cutting tool and cutting conditions.
